The structure of the electronic energy bands and Brillouin zones for graphite is developed usirig the "tight binding" approximation. Graphite is found to be a semi-conductor with zero activation energy, i.e. , there are no free electrons at zero temperature, but they are created at higher temperatures by excitation to a band contiguous to the highest one which is normally filled. The electrical conductivity is treated with assumptions about the mean free path. It is found to be about 100 times as great parallel to as across crystal planes. A large and anisotropic diamagnetic susceptibility is predicted for the conduction electrons', this is greatest for fields across the layers. The volume optical absorption is accounted for.
1. INTRODUCTION HE purpose of this paper is to develop a basis for the explanation of some of the physical properties of graphite through the band theory of solids. We shall be concerned primarily with a discussion of its electrical conductivity, but the treatment given makes possible the explanation not .only of the electrical conductivity and its anisotropy but also the thermal conductivity, diamagnetic susceptibility, and optical absorption.
The electrical resistivity of single crystals of graphite is about 4 to 6 X 10 5 ohm-cm. ' This corresponds to a conductivity of the order of that of a poor metal. The temperature coefficient of the conductivity is negative, as in the case of a metal. Polycrystalline graphite, on the other hand, has a much higher resistivity which varies very strongly according to the type of graphite used, and has a positive temperature coefficient of conductivity' to about 1400'C, and negative thereafter. Since the crystals of commercial graphites tend to be of the order of 10 ' cm, and it is quite porous (density 1.6 as against 2.25 for single crystals), it seems reasonable to attribute the high resistivity of polycrystalline graphite to the crystal boundaries, on which may be lodged impurity atoms. The latter would tend to be driven off on heating, thus accounting for the observed temperature dependence. We shall show, however, that the band theory would seem to make possible the explanation of the conductivity properties of single crystals. Since the spacing of the lattice planes of graphite is large (3.37A) compared with the hexagonal spacing in the layer (1.42A), a first approximation in the treatment of graphite may be obtained by neglecting the interactions between planes, and supposing that conduction takes place only in layers.
Graphite possesses four valence electrons. Three of these form tight bonds with neighboring atoms in the plane. Their wave functions are of the form FiG. 2. -Q, (2s)+&2/, (a.';2p)) (i = 1, 2, 3), v3 where P, (2s) is the (2s) wave function for carbon and P, (0;2P) are the (2P) wave functions whose axes are in the directions o. ; joining the graphite atom to its three neighbors in the plane. The fourth electron is considered to be in the 2p. state, its nodal plane being the lattice plane and its axis of symmetry perpendicular to it. The three electrons forming co-planar bonds will not play a part in the conductivity; we shall therefore treat graphite as having one conduction electron, in the 2p, state.
For the hexagonal layer the unit cell, which is designated by 8'XYZ in Fig. 1 In Fig. 4 are represented the nodes of the wave function corresponding to a point outside the zone boundary at A. Since here ) =1, the maxima and minima correspond to the nodes of the previous case. The expression for the energy can be verified in the same way. Similar arguments may be carried out for other points in k-space.
Consider next the energy contours. Near the bottom of the band they are circular: It should be noted that, when the reduced zone scheme is used, the energy contours have the same shape for the second zone as for the first.
near the corners of the Brillouin zone. At the absolute zero of temperature, the hexagonal zone will be completely filled, and the next zone will be completely empty. At higher temperatures, there will be some thermal "overflow" into the outer zone. 
where N is the number of atoms in the lattice.
The'form of N(E) near E, is illustrated in Fig. 6 . Fig. 10 we indicate the form of the sections of surfaces of constant energy by a plane such as that through OS V'Q in Fig. 9 .
In Fig. 11 we represent the cross sections of the energy contours by a plane such as the extension of I'QRS beyond QS. W is at a tip of the six-pointed star which forms the upper boundary of the second zone, this zone being obtained by extending the vertical sides and the top and bottom of the 6rst zone.
The energy contours in planes k, =constant will have a form similar to those shown in Fig. 5 . The hexagonal lines of constant energy will appear in each plane, but will correspond to di8'erent energies in different planes. The zero energy gap will of course only appear in the planes k, = &(1/2c).
The strong anisotropy in some of the properties of graphite (electrical and thermal conductivity, magnetic susceptibility) is caused by the very anisotropic form. of the energy surfaces near the corner of the zone. These anisotropies will become greater as the temperature is lowered, and the surfaces of energy (Ep&AT) approach segments of lines.
Let us now see how this picture is altered if we take account of y~', the exchange integral between atoms such as A and D in Fig. 8 . If we expand (4.6) to terms of the 6rst order in y&' and solve, using the relation (4.7), we 6nd that the energy is increased by an amount , lsl (s+s*) -2E". (s+s*) p = vpvi'r -, (4.9) 2E""y, r a4y, ' l S l ' where E" is the "unperturbed" energy given by (4.7). Since in the vertical edges S=O, p=0 there both inside and out, and consequently there is no overlap on these edges. Also,~vanishes identically in the planes k, =~1/2c. Thus, at the only points at which the energy is continuous on crossing the boundary of the zone, e =0, and it is also identically zero in two directions at right angles through this point. This alone makes it seem likely that the addition of e will not give rise to any overlapping of the zones. More detailed consideration shows that such is in fact the case.
It should be noted 6nally that the two energy bands corresponding to the zones considered above arise from the same energy level (corresponding to the 2p-state for C). The "splitting" of the energy level into two bands when the C BAND THEORY OF GRAPH I TE 63i atoms are brought together to form the crystal is caused by the fact that the graphite crystallizes in a form having more than one atom per unit cell. Thus, the general properties of the zones (and in particular their touching) does not depend on the details of the potential field, but rather on the geometrical form of the lattice.
where V is the volume of the crystal, and the integral is taken over the surface on which the energy has the constant value Z. Calculating Be/Bk, and eliminating k, we get, for 2yy& e)0,
S. NUMBER OF FREE ELECTRONS IN GRAPHITE
The first problem is to find N(E), the distribution of energy levels. The well-known formula for this is do N(E) =2U~g radiE~t he result has been extended to the case &&0 by observing that it is, for e«yp, even in~.
The result (5.4) holds only for~(2yi. Coulson' has estimated that y] yppp=0. 09 ev. This corresponds to a temperature of nearly 1000'C, so that, insofar as calculations of the properties of graphite near room temperature are concerned, the expression (5.4) will be adequate.
[t should be noticed that N(E) does not go to zero when e -+0, but approaches a finite value proportional to yi (see Fig. 12 ). Nevertheless, as can easily be seen, at the absolute zero of temperature the number of free electrons is zero. (0 in Fig. 9 ) to a point at the middle of a vertical edge defining a "corner" of the star-shaped second zone. This is of amount 2LyP+9yo')' = 6yo.
Transitions involving all intermediate energies are possible.
An energy. jump of 6po corresponds to a frequency of 1.31X10"or a wave-length of about 2300A, fairly deep in the ultraviolet. Thus, there is absorption from the longest wave-lengths through the visible spectrum and a substantial part of the ultraviolet. At the extreme. limits absorption will be weak, however, due to the small number of states involved. The greatest number of states will correspond to energies such as those at the mid-points of the sides of the zone, which will give rise to transitions with energy jumps of the order of 2yo. Thus we should expect the strongest absorption to be in the neighborhood of 6900A, i.e. , in the red end of the spectrum. 
